The local structural properties of TiO 2 nanoparticles (NPs) were investigated under ultraviolet light (UV) using in-situ X-ray absorption fine structure measurements at the Ti K edge. XAFS analysis showed that the bond lengths of the atomic pairs were distorted by 0.1 Å and that the Debye-Waller factors of the atomic pairs were increased substantially under UV light, compared with those of no UV light. These results suggested that the local structural changes were caused by the photocatalyst reactivity of oxygen atoms in the NPs. Unlike other techniques, in-situ XAFS is sensitive to detect local structural changes during the photocatalytic reactivity. #
Introduction
Titanium dioxide (TiO 2 ) has attracted considerable attention for its potential applications in areas, such as photocatalysis, heterogeneous catalysis, solar cells, batteries, gas sensors, and biocompatible materials. [1] [2] [3] [4] [5] [6] [7] TiO 2 is an ideal material for solar cell applications because its valance band energy is lower than the H 2 O/O 2 energy level, and its conduction band energy is higher than the H 2 /H 2 O energy level. 4, 5) The direct bandgap energy of rutile and anatase crystalline TiO 2 is 3.0 and 3.2 eV, respectively. Although ZnO also has these merits, there are problems in doping the ZnO crystalline sites, particularly, nanostructured ZnO. 8) It is relatively easy to control the impurity level in TiO 2 crystals. Most studies on TiO 2 focused on its reactivity and chemical stability in ultraviolet (UV) light.
This paper first reports the in-situ local structural changes in TiO 2 nanoparticles (NPs) containing both anatase [space group: I4 1 =amd (141)] and rutile [space group: P4 2 =mnm (136)] under UV light. The local structural properties around Ti atoms were investigated with and without UV light using in-situ X-ray absorption fine structure (XAFS). X-ray absorption near edge structure (XANES) is sensitive to the outer electron shell of an X-ray absorbing atom and extended X-ray absorption fine structure (EXAFS) can reveal the bond lengths, disorder of the bond lengths from a probe atom, coordination numbers, and species of the atoms. 9, 10) In-situ XANES measurements revealed the 3d electron behavior of the TiO 2 NPs in the UV light meanwhile in-situ EXAFS detected the local structural property changes, including bond lengths, bond length distributions, and coordination numbers during the photocatalyst reactivity. The chemical and local structural property changes in the NPs exposed to UV light are related directly to the photocatalytic activity.
Experiments
For the XAFS study of local structural changes during catalysis, commercial TiO 2 NPs were used. Field-emission electron microscopy (FE-SEM) measurements demonstrated that the NPs had an oval shape with a mean diameters of 150 and 200 nm for the anatase and rutile structures, respectively, as shown in Figs. 1(a) and 1(b). The crystalline properties of the NPs were investigated by X-ray diffraction (XRD) using a conventional X-ray source of Cu K 1 radiation in air. For the in-situ XAFS measurements, the NPs were spread uniformly over Korean mulberry paper and a 1% methylene blue (MB) solution was then applied. The Korean paper helped to hold the MB solution. The in-situ XAFS measurements with transmission and fluorescence modes were carried out at Ti K edge (4965 eV) by a threequarters-tuned Si(111) double monochromator at 3C1 beamline of Pohang Light Source (PLS) at room temperature. The XAFS data was taken from TiO 2 NPs uniformly spread over on adhesive tape, on Korean paper, on Korean paper with the MB solution, and on Korean paper with the MB solution under a 40 W UV light.
Results and Discussion
The XRD patterns shown in Fig. 1(c) showed that the two TiO 2 NP specimens contained pure anatase and rutile, respectively. The lattice constants of the anatase were a ¼ 3:783 Å and c ¼ 9:512 Å , while those of the rutile NPs were a ¼ 4:591 Å and c ¼ 2:959 Å . These values are similar to previous reports. 7, [11] [12] [13] The total X-ray absorption is obtained by measuring the incident and the transmitted X-ray intensities with a transmission mode as
where is the X-ray absorption coefficient, t is the specimen thickness, and I 0 and I t are the incident and transmitted X-ray intensities, respectively. The fluorescence X-ray intensity from a thin film is described as
where ðEÞ is the fluorescence efficiency, T ðEÞ ¼ ðEÞ þ B ðEÞ is the total fluorescence coefficient ( B the background X-ray absorption coefficient), i and f are the angles of the incident and fluorescence X-rays, respectively, and E f is the fluorescence X-ray energy. The total fluorescence intensity was obtained by integrating over the region of the specimen, which emits the fluorescence. In general, above the X-ray absorption edge, T ðEÞ is much larger than T ðE f Þ and ðEÞ is also larger than B ðEÞ. The fluorescence intensity can be simply described as
Figures 2(a) and 2(b) show the normalized fluorescence XANES from the two different structured TiO 2 NPs, respectively. The data in Figs. 2(a) and 2(b) was obtained with (dotted line) and without (solid line) UV light. The XAFS data from the NPs on the adhesive tape and on the Korean paper with the MB solution were identical. The selfabsorption of the TiO 2 NPs was negligible because oneabsorption length of TiO 2 near the Ti K edge is approximately 3.0 mm, whereas the mean sizes of the NP specimens with the different structures were only 150 and 200 nm. The three protrusions near 4970 eV are related to the 3d electrons of Ti.
15) The XANES at the Ti K edge were very similar to a previous measurement. 14) A change in the XANES signals was expected as the 3d electrons reacted to the UV light. However, there were no changes in the XANES signals from both the anatase and rutile NPs, compared with the data taken with no MB and no UV light after measurements for several hours. The transmission XANES results were the same as the fluorescence results. The XANES data strongly suggests that UV light did not affect the Ti 3d electrons. These results are in contrast to the degradation of the pre-edge peak intensity with time reported by Hsiung.
13)
The local structural properties of the NPs were investigated by looking at the oscillations (EXAFS) above the X-ray absorption edge. The X-ray absorption coefficient above the edge can be described as
For K edges (1s), the EXAFS () modulation can be written within the harmonic approximation for lattice vibrations 9) as
where k is the photoelectron wave number relative to the Fermi wave number, the is the electric field direction of the incident X-rays, N j the coordination number of the jth shell of atoms, S 2 0 accounts for the change of the passive electron wave functions in the presence of a core hole and for the multi-exciton effect, F j an effective curved wave backscattering amplitude, r j the effective interatomic distance, 2 j the mean-squared relative displacement in the effective interatomic distance, an effective mean-free path which includes the finite lifetime of the core hole, an overall scattering phase shift from the probe and jth backscattering atoms.
The UWXAFS software package 16) and standard analysis procedures 10, 17) were used for the EXAFS data analysis. The EXAFS data shown in Fig. 2(c) were extracted from the XAFS data shown in Figs. 2(a) and 2(b) . The data were analyzed after the EXAFS data in the k-range of 3.0 -11.5 Å À1 were Fourier transformed into r-space, as shown in Fig. 3(a) . The XAFS data was taken simultaneously with the transmission and fluorescence modes in order to eliminate any possible side effects, including self-absorption, nonuniform thickness, and high background. A minimum of three scans were taken at each step and compared with one another to determine the data reproducibility, as shown in Fig. 2(c) . Figure 3(a) shows the magnitude of the Fourier transformed EXAFS with the transmission and fluorescence modes. Identification of the two sets of data showed no significant errors in the data. Equation (6) describes that the EXAFS intensity is proportional to the S 2 0 value, which is related directly to the coordination numbers of the atomic shells. The S 2 0 value also shows a strong correlation with the Debye-Waller factor ( 2 , including thermal vibration and static disorder). Determining the S 2 0 value experimentally and theoretically is quite difficult. For an accurate determination of the S 2 0 value, k-weight analysis was used, in which S 2 0 is independent of the k weight. The number ratio of surface atoms to the total atoms can be estimated using a simple model calculation as [R 3 À ðR À DÞ 3 =R 3 , where R is the radius of a NP and D is the distance from the boundary. For the anatase crystalline TiO 2 NPs, the number ratio was calculated to be 1.1% with R ' 500 Å and D ' 1:9 Å , suggesting that the boundary effect of the NPs is negligible. Ti-Ti pairs of the anatase NPs were chosen to determine S 2 0 with the k-weight analysis because the Ti site likely had fewer defects, including vacancies and distortion, then the O site. The Ti-Ti(1) pairs [the second peak in Fig. 3(a) ] were fitted with a fully occupied model. For k-weight analysis, the data in the range ofr r ¼ 1:0 { 3:8 Å was first fitted, as shown in Fig. 4 . After obtaining a satisfactory fit, only the r and 2 of the Ti-Ti (1) Fig. 3(b) . The S 2 0 of the Ti atom at the Ti K edge was determined to be 0:83 AE 0:05 using a linear model fit, as shown in Fig. 3(b) . S shifted by approximately 0.3 Å along ther r-axis because the phase shift of the back-scattered photoelectrons was not counted. Therefore, the quantitative structural information can be obtained by fitting the EXAFS data. The EXAFS data in r-space was fitted to the EXAFS theoretical calculation. 18) In the fits, the coordination number, bond lengths, 2 s, and E 0 were varied. With k-weight analysis, the coordination numbers were determined as aforementioned. Table I gives a summary of the fits results. The atomic bond lengths of both anatase-and rutile-structured TiO 2 NPs with no UV light determined by the EXAFS were similar to those of the model calculations with the XRD results, as shown in Table I . The bond lengths of the two Ti-O(1) pairs in both specimens were slightly shorter than those of the four Ti-O(2) pairs. No vacancies were found in the Ti-O pairs in the rutile NPs. However, the structural disorder of the Ti-Ti pairs was similar in both specimens.
As the NPs were exposed to a UV light, the atomic bond lengths of all pairs in the anatase TiO 2 NPs were elongated slightly. However, for the rutile NPs, the bond length of the Ti-O pairs decreased slightly, whereas the bond length of the Ti-Ti pairs increased under UV light, as shown in Table I . The volume expansion of the anatase NPs can be understood in terms of the bond length expansion of the Ti-O pairs. It was observed that the 2 s of all atomic pairs were also increased under UV light. In a rutile TiO 2 crystal, two oxygen atoms are located at the slightly inside {010} plane while four oxygen atoms are located slightly outside the {001} plane. Under UV light, the oxygen atoms, particularly near the {001} plane, came close to the probe Ti atom, resulting in an expansion of the Ti-Ti bond length. As the atomic bond length decreased, the atoms had a tighter bond while the atom bond was loose when the bond length was expanded. These tighter and looser bonds under the UV light can explain the lack of a change and increase in the 2 values of the Ti-O and Ti-Ti pairs, respectively. The changes in the bond length and 2 values under UV light strongly suggest that oxygen atoms played a key role as photocatalysts.
From EXAFS analysis, it was found that the coordination number of oxygen atoms remained almost constant under UV light. However, the Ti coordinates in both specimens were increased slightly under the UV light. The Ti coordinate change in the anatase NPs was slightly larger than that of the rutile NPs. The Ti coordinate change can be understood in terms of the reaction effect of the NPs under UV light. Surface atoms mainly play a key role in its reactivity. 1, 19) When a particle reacts as a photocatalyst, it is expected that some atoms change their positions, particularly near the surface. This can cause structural disorder and a change in the coordination number in a moment. Slight changes in coordination numbers from the catalysts have also been reported. 20, 21) Using the above mentioned simple model calculation, the number ratio of surface atoms to the total atoms for the both NPs were estimated to be a few percent only. EXAFS analysis demonstrated substantial local structural changes including the atomic bond lengths, 2 s, and coordination numbers under the UV light. This strongly suggests that the photocatalyst reactivity occurring near the surface caused the structural changes inside and near the surface of the NPs.
Conclusions
The local structural properties of TiO 2 NPs were examined using in-situ XAFS measurements. The XANES measurements demonstrated that the 3d electrons of Ti atoms in the anatase and rutile NPs were relatively insensitive to UV light. EXAFS showed that the crystal volume of the anatase NPs expanded under UV light with concomitant increase in structural disorder. For the rutile NPs, the bond length of the Ti-O pairs decreased whereas the Ti-Ti bond lengths increased, suggesting that the crystal structure was locally distorted during the photocatalyst reactivity of the NPs. Neither oxygen vacancies nor extra oxygen were observed, whereas the Ti coordination number increased slightly during the photocatalysis. This may be evidence that the atoms alter their positions during the photocatalytic reactivity. The XAFS results strongly suggest that a photocatalysis on surface affected inner structural properties. 
